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Abstract
Background: Articular cartilage has limited capacity to repair. Defects greater than 3 mm heal
with formation of inferior fibrous cartilage. Therefore, many attempts have been made to find the
ideal graft for larger cartilage lesions. Different grafts, such as untreated or cryopreserved
osteochondral transplants, have been used with variable success.
Methods: Photo-oxidized osteochondral grafts were implanted in both femoral condyles of one
ovine knee. Untreated xenogeneic and autogeneic grafts served as controls. Three groups of 8
sheep each were formed and they were sacrificed 6, 12 or 18 months after surgery.
Results: The macroscopic evaluation of the condyle and graft showed a well-maintained cartilage
surface in most grafts at all time points. However, the host cartilage matrix deteriorated
considerably in all xenogeneic, most autogeneic and fewer of the photo-oxidized grafts at 12 and
18 months, respectively. The blue colour of the photo-oxidized grafts resulting from the process
of photo-oxidation was visible in all grafts at 6 months, had diminished at 12 months and had
completely disappeared at 18 months after surgery. Histologically a loss of matrix staining was
almost never noticed in untreated xenografts, transiently at 6 months in photo-oxidized grafts and
increased at 12 and 18 months. Fusion between graft and host cartilage could be seen in photo-
oxidized grafts at 12 and 18 months, but was never seen in autografts and xenografts.
Conclusions: The photo-oxidation of osteochondral grafts and its use as transplant appears to
have a beneficial effect on cartilage and bone remodelling. Osteochondral grafts pre-treated with
photo-oxidation may be considered for articular cartilage replacement and therefore may delay
artificial joint replacements in human patients.
Background
Destruction of articular cartilage due to acute trauma or
degenerative joint disease (DJD) results in most instanc-
es in repair with inferior cartilage tissue [1–3]. The repair
mechanisms depend on several parameters: 1. the size of
the original lesion; 2. the overall status of the articular
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cartilage; 3. the condition of the synovial membrane; and
4. the successful removal of the causative factors, such as
mechanical overload, loose bone fragments between the
opposing articular surfaces, or instability of the joint due
to ligament damage [4,5].
Hyaline cartilage lesions smaller than 3 mm of size in di-
ameter repair with normal hyaline cartilage, whereas le-
sions greater than 3 mm are initially replaced by fibrous
cartilage that eventually degenerates into fibrous tissue
[4,6]. This inferior repair tissue is not capable of with-
standing the mechanical loads exerted on the tissue dur-
ing motion and the result is eburnation of the
subchondral bone [7]. Clinical symptoms of joint disease
in human and animal patients include joint distension,
decreased range of motion, and pain during weight bear-
ing associated with lameness. In severe cases the pain
may be excruciating. Joint replacement with artificial
joint prostheses is an option for several joints in human
patients and in some instances also in small animals. In
young human patients, however, a better option than
metal implants is required, because the clinical problem
of aseptic loosening and wearing out of joint prostheses
have not yet been solved.
Therefore, grafting procedures to replace damaged carti-
lage with biological tissue is considered an option to de-
lay the implantation of artificial joints [8–12].
Different grafts, osteochondral – [13–15], periosteal –
[16,17], and chondral and chondrocytes in various carri-
er systems [18,19], have been used, but the results are
questionable [20]. Although initially they showed some
promise, problems with matrix degradation of the grafts,
graft dislocation and replacement with inferior tissue
prevented their successful clinical application [20]. Nev-
ertheless, to date, osteochondral -, fresh – and cryopre-
served grafts are used in man and animals, either as a
single transplant [21–24] or as multiple transplants [25].
Fresh autografts proved to be superior to fresh or cryop-
reserved allografts [12,23,26,27]. Cryopreservation re-
duces the viability of chondrocytes within the grafts,
which results in inferior remodelling activity of the
subchondral bone compared to autografts [13,23,26,27].
Apart from graft survival, another crucial parameter of
transplantation is the transition between graft and host
tissue. The gap between transplant and host tissue was
held responsible for the initiation of cartilage degenera-
tion, possibly as a result of micromotion between trans-
plant and host tissue [8,20,28]. Additionally,
penetration of synovial fluid into the host-graft interface
results in resorption within the subchondral bone area
and cyst formation [29]. A good surgical technique that
results in a tight fit between the host and graft tissue is,
therefore, essential [11,20,30].
The search for the ideal graft for articular cartilage re-
placement is continuing. The reduced ability of articular
cartilage to regenerate and integrate an osteochondral
transplant, and the subsequent degradation of the trans-
planted matrix are problems that remain to be solved
[20].
The use of an osteochondral xenograft, pre-treated with
photo-oxidation was investigated in an experimental
sheep model. Photo-oxidation involves the immersion of
the grafts in methylene blue solution and exposure to
light. This process affects the sulphur-containing and ar-
omatic amino acids of the collagen fibrils. An increase of
oxygen uptake and CO2 evolution are due to the cyclic
nucleus of these amino acids and leads to a rupture of the
ring system. In studies with cardiac valve replacement,
photo-oxidation was shown to reduce antigenicity of
porcine pericardial tissue [31,32]. The photo-oxidation
procedure has not previously been applied to bone and
articular cartilage. Previous in-vitro studies with the
photo-oxidized cartilage showed that this process leaves
a transplant with a mechanically stronger matrix devoid
of living chondrocytes [33]. In addition, it was demon-
strated that the incubation of photo-oxidized cartilage in
combination with native, untreated cartilage resulted in
decreased release of local mediators, such as nitric oxide
(NO) and prostaglandin E2 (PGE2), and reduced activity
of neutral metalloproteinases that are known to be in-
volved in cartilage degeneration [34,35].
Using the press-fit technique [11], photo-oxidized osteo-
chondral transplants were implanted into the femoral
condyles of sheep to evaluate the feasibility of in-vivo
transplantation. Short and long term survival of the
grafts and the adjacent host matrix were followed macro-
and microscopically at six, twelve and eighteen months.
Methods
Preparation of photo-oxidized grafts
Bovine shoulder joints from eighteen-month old cattle
containing macroscopically normal articular cartilage
were collected twelve hours after slaughter. Cartilage
was considered normal if it was shining bluish – white
with no discoloration, wear lines, or other signs of degra-
dation present. The osteochondral transplants were har-
vested under aseptic conditions. All soft tissues were
removed and remnants of synovial fluid flushed away
with sterile physiological saline (0.9 % w/v). Using a dia-
mond-coated hollow drill bit (Draenert, Munich, Germa-
ny) with built-in irrigation, standardised osteochondral
transplants (5.5 mm in diameter; 6 mm in length) were
harvested from the articular surface of the humeral headBMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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and immediately transferred into sterile vials filled with
physiologic saline. After extensive rinsing, the trans-
plants were placed in a 0.01 percent methylene blue so-
lution in phosphate buffered saline (PBS) (Life
Technologies AG, Basel, Switzerland) for 12 h to allow
dye penetration. The transplants were then transferred
into a customised device and photo-oxidized under asep-
tic conditions by exposure to light under controlled con-
ditions (light intensity, temperature and exposition time
(patent pending)). After completion of the photo-oxida-
tion process the transplants were transferred to a second
closed and sterile circuit where the excess methylene
blue dye was washed off with PBS. The photo-oxidized
osteochondral transplants were stored in sterile ethanol
(50 % v/v) at 4°C. The maximal storage time before
transplantation was two weeks.
Control xenogeneic, untreated osteochondral grafts were
harvested immediately prior to transplantation from
fresh bovine shoulder joints under aseptic conditions,
washed and kept in saline for only a few minutes before
use. Care was taken to assure short storage time in saline
solution to avoid osmotic swelling of the cartilage. Even
harvesting grafts from a different joint, congruency was
not a major problem because of the size of the graft (5.5
mm in diameter). Problems with joint congruency were
mainly related to surgical procedure when the graft was
not placed perpendicular to the joint surface. Attention
was paid to the cartilage thickness of the graft, but differ-
ences between graft and host cartilage could not always
be avoided.
The autogeneic ovine graft was harvested from the
weight bearing area of the femoral condyle, washed in
PBS and transplanted either from the medial to the later-
al condyle or vice versa in the same joint. A photo-oxi-
dized graft was used to fill the defect resulting at the
autograft-harvesting site.
Experimental animals
Twenty-four adult female Swiss crossbred sheep (dentes
incisivi had completely changed) were randomly allocat-
ed to six-, twelve-, and eighteen-month survival groups
(eight animals per group). Grafts that were placed in the
lateral and medial femoral condyles of one stifle joint in
the weight bearing area. The total number of grafts per
group was sixteen, ten were photo-oxidized, two autoge-
neic and four untreated xenogeneic. In a preliminary
study, the results at two months after implantation with
auto- and xenografts were poor, and therefore only two
condyles were transplanted with autogeneic and four
condyles with untreated xenogeneic grafts in each group
(six, twelve and eighteen months). Since experimental
animals were used and the main focus of this time course
study was placed on the photo-oxidized grafts, the use of
fewer control sheep was justified for ethical reasons. Fur-
thermore, it was not expected that the results with the
control transplants would improve with longer experi-
mental times.
An animal utilisation study committee has approved the
study and the sheep were kept in compliance with the law
of animal welfare (Permission number: 145/97) Two
weeks prior to surgery the sheep were examined clinical-
ly, dewormed and accustomed to their new environment.
Prior to induction of anaesthesia, food was withheld for
thirty-six hours and the hind limbs of the sheep were
clipped.
Anaesthesia and surgical procedure
The animals were sedated using xylazine intramuscular-
ly (0.02 mg/kg; Rompun®, Bayer AG, Germany) and an-
aesthesia was induced with ketamine intravenously (4
mg/kg; Narketan®, Chassot AG, Switzerland). Anaes-
thesia was maintained with isoflurane (Forene®, Abbott
AG, Baar, Switzerland) in oxygen. The sheep were posi-
tioned in laterodorsal recumbency with the hyperflexed
hindlimb fixed to the table in upright position. A long di-
agonal skin incision in the shape of a stretched S was
made over the knee joint. The incision was started prox-
imally medial to the patella and ended laterally, 2 cm dis-
tal to the tibia plateau. Subsequently, an arthrotomy was
performed into the medial and lateral joint compart-
ment, parallel to the straight patellar ligament. A partial
resection of the intra-articular fat pad facilitated the ex-
posure of the weight-bearing surface of both condyles
where the host bed for the transplant was created with a
specially designed drill bit conforming to the prepared
grafts. The drill bit had an outer diameter of 5.4 mm, 0.1
mm less than the outer diameter of the photo-oxidized –
and xenografts. In addition there was a stop mechanism,
so that the depth (6 mm) drilled was exactly the same as
that of the graft, attached, allowing an exact fit of the
graft (pressfit technique). Small variation in placing the
graft within the weightbearing area could not be avoided.
The autograft was harvested with a drill bit, which had
the outer diameter of the photo-oxidized graft. The di-
ameter of the autograft was smaller because of the tissue
loss due to drill hollow bit kerf (Draenert, Munich, Ger-
many). Therefore the hole for the autograft was 4.4 mm).
The size of the graft was chosen to achieve congruency of
the joint surface. The convexity of the ovine femoral is
greater compared to the human femoral condyle.
Arthrotomy closure was routine using 2–0 polyglycolic
acid suture material (Vicryl, Ethicon, Norderstedt, Ger-
many) for adaptation of the joint capsule, the fascia and
subcutaneous tissue. Each layer was closed in a simple
continuous pattern. Surgical staples (Signet 35 W®, Auto
Suture, Connecticut, USA) were used to close the skin.BMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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Additionally, a gauze sponge was stapled over the inci-
sion. Postoperative antibiotics (penicillin G (30.000 IU/
kg, Hoechst AG, Germany) and gentamicin (7 mg/kg,
Streuli & Co. AG, Switzerland) were administered pro-
phylactically twice a day and nonsteroidal analgesic (flu-
nixin meglumine, 1.1 mg/kg, Essex Pharma GmbH,
Germany) once a day for three days.
After surgery the animals were confined in groups in a
small stable for the first 5 days and allowed normal
weight bearing thereafter in a larger indoor pen for six
weeks. For the rest of the experimental period they were
allowed to roam free on a pasture. After six-, twelve-, and
eighteen-months respectively a group of eight sheep
each were sacrificed. The stifle joints were immediately
harvested for further evaluation.
Macroscopic evaluation
The joints were dissected carefully and the appearance of
the articular cartilage assessed immediately. Emphasis
was placed on 1) graft position 2) graft surface 3) graft-
host interface and 4) adjacent host cartilage. Additional-
ly osteophyte development, synovial membrane patholo-
gy and degree of joint effusion were recorded. The
position of the graft was considered normal if no obvious
dislocation was present and if the graft surface was at the
same level as the adjacent host cartilage. The surface of
the graft was considered normal if no clefts, no dull,
blood tinged, discoloration with a cobblestone-like ap-
pearance of the articular cartilage was present. In case of
the autogeneic or xenogeneic grafts a shiny, whitish col-
our was judged normal. In the pre-treated, photo-oxi-
dized grafts the intensity of the bluish colour was
recorded. The host-graft interface was evaluated closely.
Special emphasis was placed on whether clefts were
present, or whether a cartilage-like bond had formed be-
tween the graft and the host cartilage. The host cartilage
was checked for signs of early degeneration, such as
change of colour, fibrillation, cleft formation or flaking
cartilage. Again, the host cartilage was considered nor-
mal if the surface was glossy and bluish-white, and no
signs of matrix degradation were noticed. Each joint was
recorded photographically.
Microradiographs
Blocks 1.5 ×  1.5 cm containing the graft with the adjacent
cartilage and bone were cut with of a bone saw (Biro,
Modell 3334, Matti AG, Lenzburg, Switzerland). Micro-
radiographs (Faxitron Series – Cabinet X-ray System,
Hewlett Packard, Oregon, USA) of the blocks were taken
to assess the trabecular bone structure.
Histology
The bone samples were then fixed in 4 percent buffered
formaldehyde for at least one week at 4°C, followed by
washing and dehydration with graded ethanols and
clearing with xylene and embedding in methylmethacr-
ylate (HistoDur®, Leica, Switzerland) as described else-
where [36]. Sections 200 µm thick were cut from the
polymerised blocks, using a sawing microtome (Sawing
microtome Leica SP 1600) and mounted on acrylglas
slides (Perspex GS Acrylglas PMMA/Opal 1013,
Wachendorf AG, Basel, Switzerland). The sections were
ground with a grinding machine (Planopol-V, Struers,
Rødovre, Denmark), to an appropriate thickness of 30–
40 µm. The sections were subsequently polished with
polishing cloths (DP-MOL, DP-NAP with adhesive
back), containing polycrystalline diamonds (Diamant-
paste P® (3 µM and 1 µM grain size) and lubricants (DP-
Lubricant Blue and Red®). The sections were subse-
quently surface stained with toluidine blue for histologi-
cal evaluation. One of the ten photo-oxidized transplants
from the eighteen-month group was used for a viability
test and could not be evaluated histologically.
Evaluation of sections
Qualitative, blind evaluation of the histological sections
was carried out using the scoring system listed in table 1.
The assessment was based on the appearance of 1) the
cartilage, 2) the mineralised cartilage, 3) the subchon-
dral bone and 4) the general appearance of the graft and
the surrounding tissue. Each category was subdivided in
further parameters (Table 1). The appearance of the graft
included its overall position and integrity relative to the
surrounding tissues, whereas its bonding to the host tis-
sue was judged by the presence or absence of a cleft be-
tween the graft and the adjacent cartilage matrix. Matrix
staining of articular cartilage, cell morphology and den-
sity, and the integrity of the tidemark were evaluated for
the cartilaginous regions. For the general appearance
(four above) new bone formation, remodelling of the old
subchondral bone and the interface between graft and
host bone matrix were assessed.
Scores were given ranging from 0 to 2, with 0 indicating
the lowest and 2 the best results (Table 1). Two inde-
pendent scientists in blinded fashion evaluated the sec-
tions and the scores were averaged. Each parameter was
evaluated in graft and host except the border of the graft.
The average mean of all scores for each group and time
point is shown in figure 1.
Statistical analysis of scores was performed using the
Kruskal – Wallis – test followed by Dunns post test only
for photo-oxidized grafts at the different time points: six,
twelve and eighteen months; because of the low numbers
of xenografts and autografts in the long term survival
groups. A p value < 0.05 was considered to be significant.BMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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Results
Clinical evaluation
The sheep showed a slight lameness on the operated limb
for eight to ten days after surgery. Furthermore, the joint
swelling evident in six sheep regressed within two weeks
after surgery. All except one of the sheep walked without
lameness when turned out to pasture. In this sheep, the
collateral stifle ligament was accidentally severed during
the surgical approach. The ligament was reconstructed
using resorbable suture material (Vicryl, Ethicon, Nor-
derstedt, Germany) and this sheep was kept inside until
sacrifice. One sheep from the eighteen-month; xenoge-
neic osteochondral graft group acquired a clostridium
enterotoxaemia infection fourteen months after surgery
and died. No other complications occurred.
Macroscopic evaluation of cartilage surface
The joints of all groups appeared normal except in two
sheep (six month untreated xenografts) where joint effu-
sion and slight synovitis was found. One effusion was
fresh and of unknown origin, whereas the second was
caused by joint instability because of the severed collat-
eral stifle ligament (see above). The synovial membrane
of the other sheep showed no signs of chronic or acute in-
flammation macroscopically.
6 – months group
At six months all photo-oxidized grafts (n = 10) were still
blue in colour, although less intensive (Figure 2). The
blue colour results from the process of photo-oxidation,
because the methylene blue solution cannot be removed
completely. Four of ten transplants collapsed slightly
into the defect, whereas six stayed in place. The interface
between graft and host cartilage was still visible and a
slight discoloration and loss of glossy appearance was
noted in the adjacent host cartilage in four cases. The au-
togeneic osteochondral transplants (n = 2) stayed in
place and the graft-host interface was still visible. One
graft showed a rough surface. Three of the xenogeneic
osteochondral transplants (n = 4) had collapsed 1 to 2
mm into the defect.
12 – months group
In nine of the photo-oxidized osteochondral grafts (n =
10) the blue colour had disappeared (Figure 3). The sur-
face of cartilage on the grafts appeared white, slightly un-
even and, in seven cases shiny. Only the graft that still
showed a bluish colour was surrounded by 1 to 2 mm of
dull host cartilage and the host-graft interface was still
visible. Seven photo-oxidized osteochondral transplants
showed evidence of a union between the graft cartilage
and the adjacent host cartilage. The autogeneic osteo-
chondral transplants (n = 2) stayed in place, showed a
slightly uneven surface and the graft-host interface was
still visible. Half of the xenogeneic transplants (n = 4)
stayed in place and were surrounded by 1 to 2 mm of dull
host cartilage. The other half of the transplants had sunk
and had a very rough surface (Figure 4).
18 – months group
All photo-oxidized osteochondral transplants (n = 10)
appeared white. Six transplants showed evidence for a
union between the graft cartilage and host cartilage. The
surface of the cartilage of the transplants was slightly un-
Figure 1
Average of histology scores of all categories were calculated
and means for each group and time points are shown.
Histology scores of graft and host tissue
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Figure 2
Macroscopic appearance of femoral condyles: autoge-
neic transplant (A) at the medial condyle and a photo-oxi-
dized osteochondral transplants (P) at the lateral condyle
after 6 months (< : small area of dull cartilage).BMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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even and only one transplant was surrounded by dull
host cartilage. The autogeneic osteochondral transplants
(n = 2) stayed in place, showed a slightly uneven surface
and cartilage flakes at the interfaces. Interfaces between
graft and host cartilage were still visible in three xenoge-
neic osteochondral grafts (n = 4) and there graft surface
appeared uneven.
Microradiography
At six months in photo-oxidized (Figure 5), autogeneic
and xenogeneic transplants showed radiological changes
from slight inhomogenous radiolucency to severe cyst
like lesions. No signs of cyst like lesions were seen at
twelve months in six of 10 photo-oxidized osteochondral
transplants. In the autogeneic osteochondral transplant
a slight uneven subchondral contour and slight radiolu-
cency were seen, whereas two xenogeneic osteochondral
transplants showed moderate cyst like lesions. The radi-
ological results of the osteochondral transplants at eight-
een months were comparable in most cases with the
twelve months results, except that in one case of the pho-
to-oxidized transplants and in one case of the xenogeneic
transplants a severe cyst like lesion at the graft-host in-
terface was found. A microradiograph of a photo-oxi-
dized transplant at eighteen months is shown in figure 6.
Figure 3
Macroscopic appearance of femoral condyles: photo-
oxidized osteochondral transplants (P) in both condyles after
12 months.
Figure 4
Macroscopic appearance of femoral condyles: xenoge-
neic osteochondral transplants (X) in both condyles after 12
months.
Figure 5
Microradiographs of photo-oxidized grafts in femoral con-
dyles after 6 months (5) and 18 months (6). After 6 months
cyst formation is visible (5) whereas the previously graft area
cannot be seen after 18 months.
Figure 6
Microradiographs of photo-oxidized grafts in femoral con-
dyles after 6 months (5) and 18 months (6). After 6 months
cyst formation is visible (5) whereas the previously graft area
cannot be seen after 18 months.BMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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Histology
6 – months group
All photo-oxidized transplants showed cystic lesions of
different sizes. The border between graft and host carti-
lage was clearly visible in all samples and the graft carti-
lage showed a decreased metachromasia compared to
the host cartilage. The changes in the host cartilage such
as, metachromasia, cell density and fibrillation varied
between samples. Increased remodelling activity of the
bony part in the transplant was seen at six months com-
pared to two months (unpublished data). At six-month
first signs of cellularity occurs in 2 of 10 photo-oxidized
grafts. Cells from the subchondral bone area had pene-
trated the calcified cartilage and differentiated into
chondrocyte – like cells, arranged in clusters, nests and/
or columns (Figure 7,8). The autogeneic osteochondral
transplants showed cystic lesions, separation between
graft and host cartilage and an increased bone remodel-
ling activity in the graft. The cleft between graft and host
cartilage was more pronounced in the xenogeneic osteo-
chondral transplants compared to photo-oxidized and
autogeneic transplants. Cystic lesions were visible in all
sections and the bony part was being remodelled.
12 – months group
In six of the photo-oxidized transplants no cystic lesions
were seen. These six grafts showed metachromatic stain-
ing of the graft similar to that of the host cartilage, and a
fusion between graft and host tissue. The graft cartilage
appeared hyaline – like. Around the new tissue chondro-
cyte clusters were found. In the autogeneic osteochon-
dral transplants cystic lesions were still visible and the
host and graft cartilage remained separate. In all four xe-
nogeneic grafts cystic lesions and clefts between host and
graft cartilage were still seen. Cell density and metachro-
masia had decreased in the adjacent host cartilage of
these grafts.
18 – months group
In six of ten photo-oxidized samples no cystic lesions
were seen and the overall results were comparable with
the twelve months results. In contrast to the photo-oxi-
dized osteochondral grafts (Figure 9,10,11) no signs of
fusion between host and graft cartilage were seen in au-
togeneic grafts (Figure 12, 13). The xenogeneic grafts
(Figure 14, 15) still showed cystic lesions, no fusion be-
tween host and graft cartilage and severe changes of car-
tilage degradation such as decreased metachromasia and
hypocellularity were found in the host cartilage.
Statistical analysis
Statistical analysis was performed between photo-oxi-
dized grafts at different time point. No analysis of auto-
and xenografts was performed because of the low num-
bers. Significantly higher scores were found in the gener-
al appearance of the graft and host (p < 0.01) and
cartilage (p < 0.05) in photo-oxidized grafts at 12 months
Figure 7
Histological section (toluidine blue staining; 10 × ) of the fem-
oral condyle with a photo-oxidized graft after 6 months.
Arrows indicate the border between graft and host tissue
and the formation of new hyaline – like tissue starting from
the tide line.
Figure 8
Close up of 7: The new tissue shows a more intensive stain-
ing compared to the original cartilage of the photo-oxidized
transplant (63 × ).
Figure 9
Histological section (toluidine blue staining; 10 × ) of the fem-
oral condyle with a photo-oxidized graft (P) after 18 months.
Host-graft interface is filled with low cell density tissue. (S:
host bone and cartilage).BMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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compared to 6 months. The general appearance included
the overall impression of the graft and host at a low mag-
nification. Cyst formation throughout the graft and host
to complete remodelling of the graft and fusion of host
and graft cartilage were taken into account. The appear-
ance of the mineralised cartilage was significantly higher
at 18 months in contrast to 6 months. Parameters includ-
ed in the scoring were the contours, continuity, thickness
of mineralised cartilage, staining and resorption of graft
and host mineralised cartilage. The subchondral bone
showed higher scores at 12 (p < 0.001) as well as at 18
months (p < 0.01) in comparison to 6 months. Criteria
for evaluation of the subchondral bone among others
were cysts formation, resorption, apposition, regularity
and support of the cartilage (Table 1; Figure 1). Cyst for-
mation was more prominent at six months compared to
twelve and eighteen months, which resulted in lower
scores for general appearance and subchondral bone.
Fusion of graft and host cartilage was found at twelve
and eighteen months, but not at six months. This leads to
higher scores for cartilage at twelve and eighteen
months.
Figure 10
Close ups of A. The staining in the binding area is less inten-
sive compared to the staining of the host (S) and graft tissue
(P). The tide line has been completely remodelled. (25 × )
Figure 11
Close ups of A. The staining in the binding area is less inten-
sive compared to the staining of the host (S) and graft tissue
(P). The tide line has been completely remodelled. (25 × )
Figure 12
Histological section (toluidine blue staining; 25 × ) of a medial
femoral condyle with an autogeneic graft (A) after 18
months. No binding between host (S) and graft cartilage can
be seen.
Figure 13
Histological section (toluidine blue staining; 25 × ) of a medial
femoral condyle with an autogeneic graft (A) after 18
months. No binding between host (S) and graft cartilage can
be seen. Signs of degradation in graft cartilage (A) and cluster
formation (*) in host cartilage (S) are visible.BMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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Discussion
An osteochondral transplant pre-treated with photo-ox-
idation was studied in-vivo. The grafts were transplant-
ed into the weight bearing area of the stifle joint in sheep
and showed a hyaline-like cartilage matrix twelve and
eighteen month after surgery. A bond at the articular sur-
face between the host and graft was formed if joint con-
gruity was maintained throughout the experimental
period. In contrast to these findings, the control groups
with auto- and untreated xenografts showed cartilage
degradation and/or major gaps at the interface at eight-
een months after surgery. As far as the authors are
aware, this is the first time that the hyaline-like cartilage
structure preservation has been demonstrated histologi-
cally at eighteen months after an osteochondral grafting
procedure.
Osteochondral grafts for cartilage transplantation are ef-
fective clinically and it was suggested that they provide a
better restoration of articular surfaces than the natural
repair response [37].
Although the use of the pressfit-technique in the surgical
procedure was proved to be suitable for this grafting
method, some aspects need to be improved. It was not al-
ways possible to align the drill bit at 90° to the articular
surface because of the convexity of the surface. As a re-
sult the graft was introduced at a slightly oblique angle to
the articular surface, leading to small steps at the inter-
face of host and graft articular surfaces. These small
steps seem to have an influence on the graft remodelling,
as there may be a gap in and continuity between joint
space and subchondral bone [38]. This continuity allows
synovial fluid to penetrate the bone and may enhance
cyst formation. Furthermore, attention should be placed
on the thickness of the graft cartilage, which should be
similar to the thickness of the ovine articular cartilage at
the femoral condyle. An equal height in cartilage thick-
ness avoids steps between the host and graft tidemark.
Another problem was caused by the fact that the grafts,
with the exception of the autograft, were not harvested
from orthotopic areas and therefore joint congruency
could not always be achieved. This is also true for tech-
niques applied in human patients where the autografts
are harvested from non-weightbearing areas within the
same joint and implanted into the defect [25]. The prep-
aration of photo-oxidized grafts in advance and a selec-
tion of a graft with an optimal fitting surface could
reduce this problem.
This study demonstrated very clearly, that a final conclu-
sion on graft survival and/or regeneration might be
drawn only after an adequate length of evaluation time.
Autografts looked promising at two months (preliminary
study; data not shown) and even six months after sur-
gery, but at twelve and eighteen months the cartilaginous
region of the grafts had deteriorated and no living
chondrocytes were present. In contrast to the autografts
in this study, photo-oxidized grafts demonstrated signs
of viable matrix at twelve and eighteen months after
transplantation. The metachromasia of the graft carti-
lage matrix was increased compared to grafts at six
months. When comparing these findings to literature
[11] methodological differences have to be considered. In
Figure 14
Histological section (toluidine blue; 25 × ) of the medial femo-
ral condyle with a xenogeneic graft (X) after 14 months. No
binding between host (S) and graft cartilage can be seen.
Severe signs of degradation in host cartilage (S) and at the
edge of the graft cartilage (X) are visible.
Figure 15
Histological section (toluidine blue; 25 × ) of the medial femo-
ral condyle with a xenogeneic graft (X) after 14 months. No
binding between host (S) and graft cartilage can be seen.
Severe signs of degradation in host cartilage (S) and at the
edge of the graft cartilage (X) are visible.BMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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the present study 4.4-mm diameter autografts were used
in contrast to Hurtig et al. [11], whose used 10-mm diam-
eter autografts, which appeared indistinguishable from
fresh tissue at 12 months.
The location of the grafts at the maximal weight bearing
area was selected to test the grafts under maximal me-
chanical loads. The weight bearing area mainly requires
replacement if there is localised cartilage damage. If
grafts hold up to these loads, they should survive in less
exposed cartilage areas as well.
The preparation of photo-oxidized grafts proved to be re-
liable and because they were harvested from fresh cadav-
ers, sufficient numbers was not a problem. The
sterilisation procedure for the grafts, which allows stor-
age over a longer period of time, has to be optimised and
quality assurance provided. Both procedures are under
current investigation.
Although a scoring system was developed to assess graft
performance objectively, caution is indicated in judging
statistical results. Despite the fact that some grafts had
good scores for matrix viability and/or subchondral bone
remodelling, the overall performance of the graft may
still be hampered by the absence of cartilage bonding be-
tween graft and host tissues. It is difficult to know which
feature of graft integration is most important for the clin-
ical performance in the joint of a future patient. The
overall assessment has to include cartilage matrix struc-
ture, stage of degradation, subchondral bone density, re-
construction of calcified cartilage and tidemark in the
graft and probably most importantly the cartilage inter-
face between graft and host. The cartilage of the photo-
oxidized grafts at twelve and eighteen months appeared
white, the original blue colour had disappeared. This re-
sult could be a sign of complete restored graft cartilage.
The fact that photo-oxidized osteochondral grafts
showed a hyaline-like cartilage matrix with apparently
living and matrix synthesising chondrocytes eighteen
months after transplantation is unique and has never
been reported. Furthermore, fusion of host and graft in-
terface after that time period was not observed in
autografts and untreated xenografts [9].
Cyst-like lesions developed in all types of grafts. Howev-
er, if joint congruity was maintained throughout the
study, they were usually less pronounced in the photo-
oxidized grafts than in the auto- and xenografts. In these
cases the bony part of the graft was resorbed more slowly
compared to the controls and bone remodelling followed
the classical principle of creeping substitution [39]. It
seems that the structure of the bone of the photo-oxi-
dized grafts was more stable. This may be a result of the
photo-oxidation process, which may change the immu-
nologic response of the host bone [40,41] and also in-
crease the linkage of collagen fibers in the bone matrix
and so affect its structural properties. In this study,
autografts and untreated xenografts were used as control
to investigate the influence of photo-oxidation. In a later
study, untreated and photo-oxidized allografts were add-
ed as controls to compare these to already used controls
and photo-oxidized xenografts (not published yet).
It appeared that the process of photo-oxidation influ-
enced the response of the adjacent tissue, possibly as a
result of the diffusion of the methylene blue solution into
the host cartilage. This diffusion was observed one day
after an in-vitro implantation test when a photo-oxi-
dized graft was implanted in a femoral condyle. The
methylene blue solution, remaining after photo-oxida-
tion, may inhibit adjacent matrix degeneration while at
the same time maintaining matrix synthesis. This inter-
action may influence the growing of tissue between host
and photo-oxidized grafts in contrast to auto- and xe-
nografts. The degeneration of the host matrix has been
observed in other studies [20,28,37,42], but the impor-
tance of this feature was not established.
The matrix of the photo-oxidized transplants showed at
the time point of surgery a decrease in metachromatic
staining. Furthermore, in the in-vitro study of the photo-
oxidized cartilage it was shown, using the live/dead
staining, that no viable chondrocytes are present after
the process of photo-oxidation [33]. Chondrocyte clus-
ters were found within the photo-oxidized graft at six
months and fusion between host and graft cartilage of
the photo-oxidized grafts were seen at twelve and eight-
een months. The evidence of chondrocyte clusters is a
sign of intrinsic repair, but in these grafts the source of
the cells seem to be extrinsic. Extrinsic repair is caused
by cells from outside to the cartilage [4]. Since the result
of the grafts is good, it seems that the importance of
chondrocyte viability at the time of transplantation may
not be a crucial point for the outcome of the grafts [9,23].
It may be more important to provide an optimal struc-
ture for cartilage resurfacing where mesenchymal cells
from the subchondral bone area may grow and differen-
tiate into matrix synthesising chondroblasts and
chondrocytes. The advantage of preparing osteochondral
transplants in advance over collecting autografts within
another joint of the same individual at the time of sur-
gery is obvious and needs no further explanation [8–
12,20]. However, the fate of xenografts pre-treated with
photo-oxidation has to be investigated further. Crucial
questions to be answered before pre-treated xenografts
may be used in human patients are whether these grafts
are incorporated or whether they are replaced. Also the
immunologic response of the host tissue needs further
attention, although the present study indicated that theBMC Musculoskeletal Disorders 2001, 2:9 http://www.biomedcentral.com/1471-2474/2/9
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process of photo-oxidation seems to inhibit the antigenic
response of the host tissue to the grafts, as it was report-
ed for photo-oxidized pericardial tissue [31,40,41,43].
Allogeneic osteochondral grafts were cryopreserved, that
is to reduce the immunological response and prepare the
graft in advance. In contrast to the present study,
autografts showed better results than the cryopreserved
grafts [23]. The approach of graft preparation may have
an influence on the interaction of the graft with host tis-
sue and its outcome.
The present study showed that bovine xenografts, pre-
treated with photo-oxidation, are suitable osteochondral
grafts for cartilage replacement in sheep. The appear-
ance of a hyaline-like cartilage with matrix producing
chondrocytes eighteen months after transplantation is
promising and deserves further investigation. Future in-
vestigations will focus on optimising the shape of the
grafts and the achievement of joint congruity including a
water tight seal at the level of the calcified cartilage.
Studying apoptotic activity of the host and graft
chondrocytes may help to define the nature of the grafts
and its ultimate fate. Further immunology studies
should include tests for identifying the origin of cells in
the graft.
Conclusions
The pre-treatment of osteochondral grafts with the proc-
ess of photo-oxidation appears to have a beneficial effect
on cartilage and bone remodelling. The use of photo-ox-
idized osteochondral transplant may be considered for
articular cartilage replacement and therefore may delay
artificial joint replacements in human patients.
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